Abstract: Magnetic resonance-based assessment of quadriceps muscle fat has been proposed as surrogate marker in sarcopenia, osteoarthritis, and neuromuscular disorders. We presently investigated the association of quadriceps muscle fat with isometric strength measurements in healthy males using chemical shift encoding-based water-fat magnetic resonance imaging. Intermuscular adipose tissue fraction and intramuscular proton density fat fraction correlated significantly (P < 0.05) with isometric strength (up to r = −0.83 and −0.87, respectively). Reproducibility of intermuscular adipose tissue fraction and intramuscular proton density fat fraction was 1.5% and 5.7%, respectively.
Q uantitative magnetic resonance imaging (MRI) allows for noninvasive assessment of skeletal muscle fat. Singlevoxel magnetic resonance spectroscopy has been widely used for the quantification of intramyocellular and extramyocellular lipids but is not able to assess the spatial distribution of intermuscular adipose tissue (IMAT). 1 High-resolution T1-weighted imaging has been traditionally used to determine the distribution and the total area/volume of IMAT. Intermuscular adipose tissue has been shown to be inversely related to quadriceps muscle strength in subjects with sarcopenia, knee osteoarthritis, and neuromuscular disorders. [2] [3] [4] However, T1-weighted imaging requires effective segmentation procedures to account for partial volume effects in IMAT quantification. 5 In addition, IMAT includes the intermuscular fat (fat between muscles) and the intramuscular fat (fat within muscles), and these 2 components cannot be easily distinguished using T1-weighted imaging. However, the determination of the intramuscular fat fraction is particularly important in neuromuscular disorders because disease severity is characterized by increasing intramuscular fat infiltration. Chemical shift encoding-based water-fat MRI is an emerging technique, which is advantageous, compared with T1-weighted imaging, because it allows the separate assessment and quantification of intermuscular and intramuscular fat. [6] [7] [8] By using chemical shift encoding-based water-fat MRI, Kumar et al 9 reported that quadriceps intramuscular fat fraction rather than muscle size was associated with knee osteoarthritis. Furthermore, water-fat MRI-based proton density fat fraction (PDFF) has been obtained in subjects with neuromuscular disorders, for example, Pompe disease, facioscapulohumeral muscular dystrophy, and limb-girdle muscular dystrophy 2I, showing an inverse relationship between intramuscular fat fraction and muscle strength. [10] [11] [12] [13] The authors concluded that PDFF may provide a sensitive measurement of intramuscular fat, which can be used as imaging biomarker to assess disease progression and monitor therapy. Despite the previous studies on investigating the relationship between IMAT, intramuscular PDFF, and muscle strength in patients with knee osteoarthritis and neuromuscular diseases, little is known about the relationship between IMAT, intramuscular PDFF, and muscle strength in healthy volunteers. Detecting minor changes of intramuscular fat that correlate with muscle strength may particularly help initiate early, individualized therapy protocols to maintain or improve muscle function. Therefore, the aim of the study was to investigate the association of quadriceps muscle fat with isometric strength measurements in healthy males using chemical shift encoding-based water-fat MRI. ) were recruited for this study. Inclusion criteria were no history of diabetes, neuromuscular disorders, and previous quadriceps muscle injuries. The study was approved by the Institutional Committee for Human Research. All subjects gave written informed consent before participation in the study.
METHODS Subjects

Physical Strength Measurements
Right quadriceps muscle maximum isometric torque (Nm) produced by knee extension at 60-and 90-degree knee flexion angle was obtained by using a rotational dynamometer (Isomed 2000; D&R Fertsl GmbH, Hemau, Germany). The subjects were seated in upright position (90-degree hip flexion) and carefully fastened with safety belts to avoid any kind of additional movement. The aim was to generate the individual maximum isometric torque in the quadriceps muscle at 60-and 90-degree knee flexion angle. The subjects performed 3 repetitions with maximum isometric muscle activity by full recovery in between and the highest value in each angle was used for data analysis. Based on the lever principle, 60-degree knee flexion angle is the peak of isometric torque (point of maximum achievable isometric torque) in strength measurements of the quadriceps muscle.
14 The 90-degree knee flexion angle served as a reference value.
Magnetic Resonance Imaging
The whole thigh musculature of the subjects was scanned on a 3T whole-body scanner (Ingenia; Philips Healthcare, Best, Netherlands) using the built-in-the-table posterior coil (12-channel array) and the anterior coil (16-channel array). The MR examination consisted of 2 axial imaging stacks in foot-to-head direction to achieve whole thigh coverage.
A 6-echo 3-dimensional spoiled gradient echo sequence was used for chemical shift-based water-fat separation. The sequence acquired the 6 echoes in a single time relaxation using nonflyback (bipolar) read-out gradients and the following imaging parameters: time relaxation/time echo min /Δtime echo = 10/1.04/0.8 milliseconds, field of view = 300 Â 525 mm 2 , acquisition matrix = 96 Â 263, slice thickness = 4 mm, slice locations = 65, receiver bandwidth = 2345 Hz per pixel, frequency direction = anterior/posterior (to minimize breathing artifacts), SENSE in left/right direction with reduction factor R = 2, number of averages = 1, scan time = 1 minute and 48 seconds per stack. A flip angle of 3 degrees was used to minimize T 1 -bias effects.
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Imaging-Based Fat Quantification
The gradient echo imaging data were processed online using the mDIXON Quant method provided by the manufacturer. mDIXON Quant is not labeled for the use under discussion. It performs a complex-based water-fat decomposition using a precalibrated 7-peak fat spectrum and a single T 2 * to model the signal variation with echo time. 15, 18, 19 Proton density fat fraction maps were then computed as the ratio of the fat signal over the sum of fat and water signals. Segmentation of the right quadriceps muscle was performed on the PDFF maps by using the free open-source software Medical Imaging Interaction Toolkit (developed by the Division of Medical and Biological Informatics, German Cancer Research Center, Heidelberg, Germany; www.mitk.org). By using a 2-dimensional region growing algorithm, the quadriceps muscle region of interest (ROI) including all muscle components (ie, rectus femoris, vastus medialis, vastus intermedius, and vastus lateralis), muscular fasciae, and the intermuscular fat were semiautomatically segmented from the insertion at the patella tendon upward in 40 consecutive slices in all subjects (ROI I in Fig. 1) . The ROI I including all quadriceps muscle components was used to measure the quadriceps muscle volume. The mean PDFF value over ROI I was defined as the IMAT fraction (ie, IMAT = intermuscular fat + intramuscular fat). Quadriceps lean tissue volume was calculated by the equation: (100 -IMAT fraction) Â quadriceps muscle volume. Furthermore, the 4 muscle components were separately segmented in the 10 most proximal of the 40 previously mentioned slices. 20 The segmentation was manually performed by placing ROIs in each muscle component with a margin of approximately 3 mm to the outer contour of the rectus femoris and a margin of approximately 5 mm to the outer contour of the vastus medialis, intermedius, and lateralis to avoid the accidental inclusion of muscular fascia and intermuscular fat (ROIs II in Fig. 1 ). Quadriceps intramuscular PDFF was determined by averaging the PDFF over all manually placed ROIs II. All segmentation steps were performed by 1 operator.
Reproducibility
Three subjects were scanned 3 times with repositioning to assess the reproducibility error of the MRI measurements. The previously mentioned segmentation procedure was performed in all images 1 time by 1 operator. Reproducibility errors of the IMAT fraction and intramuscular PDFF were expressed as root mean square absolute precision error in percent (absolute units) and as root mean square coefficients of variation in percent (relative units), according to Gluer et al. 21 
Statistical Analysis
The statistical analyses were performed with SPSS (SPSS, Chicago, Ill). All tests were performed using a 2-sided 0.05 level of significance. Parameters were presented as mean (SD). The Kolmogorov-Smirnov test showed for most parameters a significant difference from a normal distribution (P < 0.05). Therefore, correlations between MRI-derived parameters and measured physical strength were evaluated with the Spearman correlation coefficient r.
RESULTS
Quadriceps muscle volume and IMAT fraction averaged over all subjects amounted to 872. 6 Quadriceps IMAT fraction and intramuscular PDFF correlated significantly (P < 0.05) with physical strength (up to r = −0.83 and −0.87, respectively; Table 1 ; Fig. 2) . A statistical trend (P < 0.01) was observed for the association of quadriceps muscle volume and lean tissue volume with physical strength (up to r = 0.65; Table 1 ). Furthermore, a significant correlation was found between quadriceps IMAT fraction and intramuscular PDFF (r = 0.98; P < 0.05).
The root mean square absolute precision error of the IMAT fraction and intramuscular PDFF amounted to 0.07% and 0.17% (absolute units), respectively. The root mean square coefficients of variation of the IMAT fraction and intramuscular PDFF was 1.5% and 5.7% (relative units), respectively.
DISCUSSION
The present study demonstrated that quadriceps intermascular and intramuscular fat could be reliably quantified using chemical shift encoding-based water-fat MRI. Strong associations were observed between water-fat MRI-derived quadriceps muscle fat parameters and corresponding physical strength measurements in healthy males. Dual-energy x-ray absorptiometry, computed tomography, and MRI have been used for the assessment of quadriceps muscle cross-sectional area and volume, which are important parameters in the context of neuromuscular diseases, knee osteoarthritis, anterior cruciate ligament injury, and sarcopenia associated with aging and chronic diseases including chronic obstructive pulmonary disease. [22] [23] [24] [25] [26] Only MRI allows deeper insight beyond muscle morphology because this technique provides additional parameters of muscle composition. Interestingly, T1-weighted imaging-based IMAT explained a small amount of variance in knee extensor strength in subjects with knee osteoarthritis, whereas quadriceps muscle volume was unrelated to strength measurements.
3 T1-Weighted imaging is limited to the determination of total area/ volume of IMAT, whereas chemical shift encoding-based waterfat MRI is able to separately quantify intermuscular and intramuscular fat, which constitutes the IMAT. It is particularly important in subjects with neuromuscular disorders, where intramuscular fat infiltration occurs, to separately measure the intramuscular fat fraction and differentiate it from IMAT.
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Studies in patients with neuromuscular disorders revealed an inverse association of PDFF and strength at the thigh. 12, 13 However, the strength measurements were performed with a handheld myometer. Little is known about the association between IMAT, intramuscular PDFF, and muscle strength in healthy volunteers. Specifically, the range of intramuscular PDFF in healthy volunteers is much lower than the range of PDFF in muscles affected by neuromuscular diseases and it is unknown whether PDFF correlates with muscle strength in muscles that are not severely fatty infiltrated. Therefore, we investigated the muscle fat/muscle strength relationship in the quadriceps muscle in healthy males by using a water-fat separation methodology that accounts for known confounding factors on the PDFF estimation and by using a more accurate and reliable rotational dynamometer than in previous studies. We observed strong correlations (up to r = −0.87) between intramuscular PDFF (as well as IMAT fraction) and quadriceps muscle strength. Furthermore, we found statistical trends for the association of quadriceps muscle volume and lean tissue volume with physical strength (up to r = 0.65). This finding is consistent with a study by Kumar et al 9 who reported that quadriceps intramuscular fat fraction rather than muscle size was associated with knee osteoarthritis. Thus, chemical shift encoding-based water-fat MRI can provide clinically important information beyond quadriceps muscle morphology and potentially track early changes in muscle biomechanics in muscles that are not severely atrophied or fatty infiltrated in the beginning of a disease process.
The present study had some limitations. Manual and (semi) automatic algorithms have been proposed for the segmentation of the quadriceps muscle. 7, 27, 28 We presently performed a mixture of a partly semiautomatic and partly manual segmentation of the quadriceps muscle and obtained acceptable reproducibility errors. Because we investigated young, healthy males, the fat distribution of the quadriceps muscle was relatively homogeneous. Therefore, the segmentation of the entire muscle compartments was not required. 27 We decided to perform the segmentation with a clear anatomical landmark, that is, from the insertion at the patella tendon upward in 40 consecutive slices (to obtain IMAT fraction) and in the 10 most proximal of the 40 previously mentioned slices (to obtain intramuscular PDFF). In the future, a fast and technically robust segmentation tool has to be developed to allow the application of chemical shift encoding-based water-fat MRI in clinical routine. A further limitation of our study was the relatively small sample size. Because of the technical character of this study and the dependency of muscular fat on age and sex, 29 we decided to include only men with a limited age range.
In conclusion, quadriceps muscle composition could be reliably assessed using chemical shift encoding-based water-fat MRI. Strength of the quadriceps muscle was strongly associated with water-fat MRI-derived muscle fat and less related to quadriceps muscle volume and lean tissue volume as parameters of muscle morphology. Thus, chemical shift encoding-based water-fat MRI may provide additional, clinically important information in tracking muscle strength early changes in muscles that do not show visual pathological fatty infiltration.
